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7KH� (;&� FRPSULVHV� WZR� FRPSRQHQWV�FRQVLVWLQJ� RI� 2�&HOOV�� $OO� 6�RXWSXWV� RI� WKH� (9&�VHUYH�DV�LQSXWV�RI�WKH�ILUVW�FRPSRQHQW�RI�WKH�(;&��7KLV� FRPSRQHQW� LV� LPSOHPHQWHG� DV� D� FRQYHUJLQJ�³��RXW� RI�0´�PXOWLOHYHO�WUHH��$OO�9�RXWSXWV�RI�WKH�(9&� DUH� LQSXWV� WR� WKH� VHFRQG� FRPSRQHQW� RI� WKH�(;&��ZKLFK� LV� LPSOHPHQWHG� DV� D� FRQYHUJLQJ�³���0��RXW�RI�0´�PXOWLOHYHO�WUHH��VHH�)LJ�����:KHQ��DW�D�FHUWDLQ�FORFN��WKH�)60�JHQHUDWHV�D�PLFURLQVWUXFWLRQ�� WKH� (9&� SURGXFHV� WKH�FRUUHVSRQGLQJ� GXDO�UDLO� ��RXW�RI�0� RXWSXW� YHFWRU��(DFK� GXDO�UDLO� RXWSXW� YHFWRU� RI� WKH� (9&� LV�FRPSDUHG� ZLWK� D� FRUUHVSRQGLQJ� VLQJOH�UDLO� RXWSXW�YHFWRU� RI� WKH�(9)60�XVLQJ� WKH� DERYH�PHQWLRQHG�PDWFK�GHWHFWLRQ�IXQFWLRQ��7KH�WRWDOO\�VHOI�FKHFNLQJ�SURSHUW\�RI� WKH�GLVFXVVHG�DUFKLWHFWXUH�ZDV�SURYHQ�LQ�>�@����(67,0$7,216�)25�7+(�5(48,5('�+$5':$5(�29(5+($'62YHUKHDGV� IRU� WKH� SURSRVHG� DUFKLWHFWXUH� FDQ� EH�HVWLPDWHG� E\� FRPSDULQJ� QXPEHUV� RI� &/%V��UHTXLUHG� IRU� )60� LPSOHPHQWDWLRQV� ZLWKRXW� VHOI�HUURU� GHWHFWLRQ� DELOLW\� DQG� IRU� WKH� VHOI�FKHFNLQJ�YHUVLRQV�RI�WKH�VDPH�)60V��,W�VKRXOG�EH�QRWHG�WKDW�WKH� SURSRVHG� DUFKLWHFWXUH� GRHV� QRW� UHTXLUH� DQ\�UHGXQGDQF\� IRU� WKH� )60� LWVHOI�� 7KHUHIRUH�� WKH�GLIIHUHQFH�EHWZHHQ�WKH�WZR�DERYH�PHQWLRQHG�)60�LPSOHPHQWDWLRQV� HTXDOV� WR� D� FRPSOH[LW\� �QXPEHU�RI�&/%V���RI�WKH�620�FKHFNHU��

)LJXUH����6FKHPDWLF�GLDJUDP�RI�WKH�620�FKHFNHU
7KH� JRDO� RI� WKLV� FKDSWHU� LV WR� HVWLPDWH� WKH�FKHFNHU¶V� H[SHFWHG� FRPSOH[LW\� DV� D� IXQFWLRQ� RI�WZR� SDUDPHWHUV�� QXPEHU� 0� RI� PLFURLQVWUXFWLRQV�DQG� OHQJWK�1�RI�PLFURLQVWUXFWLRQV��2EYLRXVO\��ZH�FDQQRW� JLYH� WKH� H[DFW� IRUPXOD� RI� WKH� RYHUKHDG��VLQFH� WKH� FKHFNHU¶V� FRPSOH[LW\� GHSHQGV� RQ� WKH�

620� IXQFWLRQ�� %XW� DSSUR[LPDWH� IRUPXODH�SUHVHQWHG� EHORZ� DOORZ� HVWLPDWLRQ� WKH� UHTXLUHG�RYHUKHDG�HYHQ�EHIRUH�SHUIRUPLQJ� WKH� V\QWKHVLV�RI�WKH�)60�7KH� FRPSOH[LW\� RI� WKH� 620�FKHFNHU� ZLOO� EH�HVWLPDWHG� DV� D� VXP� RI� FRPSOH[LWLHV� RI� LWV� WZR�FRPSRQHQWV��(9&�DQG�(;&�
�����(VWLPDWLRQV�RI�WKH�(9&�FRPSOH[LW\7KH�(9&�WUHH�LPSOHPHQWV�D�V\VWHP�RI�0�ORJLFDO�IXQFWLRQV� RI� 1� YDULDEOHV�� (DFK� RI� WKHVH� 0�IXQFWLRQV� LV� GHILQHG� E\� D� XQLTXH� PLQWHUP�� 7KH�(9&� WUHH� FRPSULVHV� &/%V� KDYLQJ� J� GXDO�UDLO�LQSXWV��J ���>�@�DQG�RQH�GXDO�UDLO�RXWSXW��7KH� XSSHU� ERXQG� RI� WKH� FRPSOH[LW\� �QXPEHU� RI�&/%V�� 6�(9&�� RI� WKH� (YROXWLRQ� EORFN� RI� WKH�620�FKHFNHU�LV� 0��J1�(9&�6PD[ »¼º«¬ª � ���
�KHUH�J�LV�GHFUHDVHG�E\���LQ�GHQRPLQDWRU�VLQFH�RQH� GXDO�UDLO� LQSXW� LV� XVHG� IRU� WKH� FDVFDGH�FRQQHFWLRQ� EHWZHHQ�&/%V�� >D@� GHQRWHV� DQ� LQWHJHU�SDUW�RI�D��7KLV�ERXQG�FRUUHVSRQGV�WR�WKH�FDVH�RI�D�GLVMRLQW�LPSOHPHQWDWLRQ�RI�WKH�PLQWHUPV��)RU�WKH�ORZHU�ERXQG�RQ�FRPSOH[LW\�ZH�DVVXPH�WKDW�x WKH�QXPEHU�RI�&/%V�DW�WKH�ILUVW�OHYHO�RI�WKH�(9&�WUHH�LV�HTXDO�WR 0�� 0$�  �x HDFK� OHYHO� RI� WKH� (9&� WUHH� VKRXOG�FRPSULVH�&/%V�LPSOHPHQWLQJ�WKH�PD[LPDO�QXPEHU� RI� GLIIHUHQW� �J����PLQWHUPV�� 7KHQ�WKH� ORZHU�ERXQG�RQ�D�QXPEHU�RI�&/%V�DW�OHYHO�L�RI�WKH�(9&�WUHH�FDQ�EH�FRPSXWHG�DV�IROORZV� ��»¼º«¬ª �� �J L�L �$$ ���

DQG�ZH�KDYH� ¦�»¼º«¬ª
  �� ��J1
�L LPLQ $�(9&6 ����

�����(VWLPDWLRQV�RI�WKH�(;&�FRPSOH[LW\$V� KDYH� EHHQ�PHQWLRQHG� DERYH�� (;&� FRQVLVWV�RI� WZR� HTXDO� FRQYHUJLQJ�PXOWLOHYHO� WUHHV�� 2QH� RI�WKHVH� WUHHV� LPSOHPHQWV� D� ³��RXW�RI��J´� IXQFWLRQ��ZKLOH� WKH� VHFRQG� LPSOHPHQWV� D� IXQFWLRQ� ´��J����RXW�RI��J´�7KH�FRPSOH[LW\�RI�WKH�(;&�FDQ�EH�FRPSXWHG�DV�6�(;&�� � �%%�%� .N� ��� �� � ���
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ZKHUH�%N LV�WKH�QXPEHU�RI�&/%V�DW�HDFK�N�OHYHO�RI�WKH�PXOWLOHYHO�WUHH�DQG�.� �� �0@>ORJ�J � DQG%N FDQ�EH�FRPSXWHG�XVLQJ�WKH�IROORZLQJ�UHFXUVLYH�H[SUHVVLRQ�
%�  »¼º«¬ª�J0 ���%N  � »¼º«¬ª �� �J ��J%�0% ��N��N ��

N� ����«��.� ���7KH�VHTXHQFH�%���«��%.��ZKLFK GHILQHV WKH�(;&�FRPSOH[LW\��FRQYHUJHV� UDSLGO\� WR����$OO�PHPEHUV�RI� WKLV VHTXHQFH� WXUQ� WR� �� DW� VWHS� M�  � »¼º«¬ª ��J 0ORJ�
DQG� VWD\�HTXDO� WR���� IRU�DOO� L�!M��7KLV� IDFW�DOORZV�DVVHVVLQJ� DQ� HIIHFWLYHQHVV� RI� WKH� SURSRVHG�HVWLPDWLRQV�� ,W� LV�REYLRXV�� WKDW� IRU� DQ\�1�DQG�0��

»¼º«¬ª �t»¼º«¬ª � �J 0ORJ�J1 � �� ,Q� WKH� FDVH� RI� HTXDOLW\� WKH�
JDS�EHWZHHQ�ORZHU�DQG�XSSHU�ERXQGV�LV PLQLPDO��ZKLFK� PHDQV� WKDW� WKH� DFFXUDF\� RI� WKH� SURSRVHG�HVWLPDWLRQV� LV�PD[LPDO�� ,Q� WKLV� VLWXDWLRQ� WKH� UHDO�(;&� FRPSOH[LW\� FDQ� EH� HVWLPDWHG� E\� LW¶V� XSSHU�ERXQG��7KH�DFFXUDF\�RI�WKH�HVWLPDWLRQV�GHFUHDVHV�DV� WKH� GLIIHUHQFH� EHWZHHQ� WKH� WZR� VLGHV� RI� WKH�LQHTXDOLW\�LQFUHDVHV��7KHVH� ERXQGV� ZHUH� XVHG� IRU� HVWLPDWLRQ� RI�FRPSOH[LW\� RI� 620� FKHFNHUV� IRU� D� QXPEHU� RI�EHQFKPDUNV�� 5HVXOWV� RI� WKH� FRPSXWDWLRQ� DUH�SUHVHQWHG� LQ� 7DEOH� ��� 6HFWLRQ� �� DQG� HQDEOH�FRPSDULVRQ�RI�WKH�HVWLPDWHG�FRPSOH[LWLHV�ZLWK�WKH�UHDO�RQHV����(67,0$7,216�2)�)$8/7 /$7(1&,(6,Q� WKLV� VHFWLRQ�� ZH� SUHVHQW� HVWLPDWLRQV� RI� WLPH�EHWZHHQ WKH� RFFXUUHQFH� RI� D� IDXOW� DQG� LWV�PDQLIHVWDWLRQ� �DSSHDUDQFH� RI� WKH� HUURU� LQ� D�PLFURLQVWUXFWLRQ� GXH� WR� WKDW� IDXOW��� 7KLV� WLPH� LV�FDOOHG� WKH� IDXOW� ODWHQF\��:H� ZLOO� GHVFULEH� QRZ� D�PHWKRG� IRU�HVWLPDWLRQ�RI� ODWHQFLHV�IRU�)60�EDVHG�FRQWUROOHUV��7KLV�PHWKRG�LV�DSSOLHG�WR�WKH�SURSRVHG�DUFKLWHFWXUH� DQG� LV� LOOXVWUDWHG� E\� WKH� H[DPSOH� RI�)60�GHILQHG�E\�7DEOH����/HW�LQSXWV�EH�LQGHSHQGHQW�UDQGRP�ELQDU\�YDULDEOHV�ZLWK�SUREDELOLWLHV� � � OO S[   �3U ��� � � � /OST[[ OOOO �����3U�3U  �     ��7KHQ�WKH�EHKDYLRU�RI�D�IDXOW�IUHH�)60�FDQ�EH�GHVFULEHG�E\�WKH�0DUNRY�FKDLQ�ZLWK�5 VWDWHV���ZKHUH�5 LV�WKH�QXPEHU�RI�LQWHUQDO�VWDWHV�RI�WKH�)60��ZLWK�WUDQVLWLRQ�SUREDELOLWLHV�PDWUL[ � �� ��PVS>�@���ZKHUH�WKH�XSSHU�LQGH[���� VKRZV�WKDW�ZH�GHDO�
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7R� LQYHVWLJDWH� WKH� EHKDYLRU� RI� WKH� )60�ZLWK� D�IDXOW� �IDXOWV���ZH�ZLOO� FRQVWUXFW� D� VHFRQG�0DUNRY�FKDLQ�ZLWK�WKH�IROORZLQJ�SURSHUWLHV���D� WKH�QXPEHU�RI�WKH�VWDWHV�LQ�WKH�QHZ�FKDLQ�LV�HTXDO�WR�5������:H�GHILQH�WKH�DGGLWLRQDO��5������WK�VWDWH�DV�DQ�DEVRUELQJ VWDWH���E� WKH�FKDLQ�PRYHV�WR��5������WK�VWDWH�ZKHQ�WKH�IDXOW� LV� PDQLIHVWHG� E\� D� GLVWRUWLRQ� RI� WKH� RXWSXW�PLFURLQVWUXFWLRQ��F� LI� IDXOWV� DUH� DEVHQW�� WKH� EHKDYLRU� RI� WKH�VHFRQG� FKDLQ� ZLWKLQ� WKH� ILUVW� 5� VWDWHV� GRHV� QRW�GLIIHU�IURP�WKH�EHKDYLRU�RI�WKH�ILUVW�FKDLQ��7KXV��LI�D�IDXOW�KDV�RFFXUUHG��WKH QXPEHU�RI�VWHSV�EHIRUH� HQWHULQJ� WKH� DEVRUELQJ� VWDWH� LV� WKH� ODWHQF\�YDOXH�IRU�WKDW�IDXOW��7KHUHIRUH�� WKH� ILUVW� VWHS� RI� RXU� WDVN� ZLOO� EH� WR�FRPSXWH�WKH�WUDQVLHQW�SUREDELOLW\�PDWUL[� � �� ��PVS IRU�WKH� VHFRQG� FKDLQ�� ,I� WKH� VWDFN�DW�RQH� IDXOW� IRU�YDULDEOH� [O RFFXUV� � [O ����� LQ�7DEOH���HDFK� OLWHUDO�[O VKRXOG� EH� UHSODFHG� E\� ³�´�� ,W�ZLOO� OHDG� WR� WKH�ORVV� RI� RUWKRJRQDOLW\� RI� SURGXFW� WHUPV�� )RU� RXU�H[DPSOH�WKH�IROORZLQJ�WZR�PDWULFHV�FRUUHVSRQG�WR�LQSXW�YDULDEOH� [� �
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'HQRWH� WKH�SUREDELOLW\�GLVWULEXWLRQ� IRU� LQWHUQDO�VWDWHV�E\�WKH�PRPHQW�ZKHQ�WKH�IDXOW�RFFXUUHG�DV�� �� � � � � �� ���������� ���� SSS  � ����7KHQ��WKH�SUREDELOLW\�WKDW�WKH�FKDLQ�KDV�HQWHUHG�WKH�DEVRUELQJ�VWDWH�E\�WKH�N�WK�VWHS��LV�� � � � � �� � � �� � � �7NVP5 SSNSN) �������������   � ������)XQFWLRQ�)�N��LV�WKH�GLVWULEXWLRQ�IXQFWLRQ�IRU�WKH�ODWHQF\�RI�WKH�VHOHFWHG�IDXOW�)LJ�� �� SUHVHQWV� ODWHQF\� FXUYH� ��)��N�� IRU� WKH�DERYH� H[DPSOH�� ZKHUH� WKH� IXQFWLRQ� )��N�� LV�FRPSXWHG�IRU�WKH�SDUWLFXODU�IDXOW��[O �����DQG�ZKHUH��  OO TS IRU�DOO�O�

)LJXUH� �� /DWHQF\� FXUYH� IRU� WKH� IDXOW� [O�������������������������7KH� DYHUDJH� ODWHQF\� GXUDWLRQ� RI� WKH� IDXOW� FDQ� EH�FRPSXWHG�DV�LQ�>�@�� �� � � �� �� � � �7PVT,SN ����������� �� ��������������
ZKHUH� ,� LV� XQLWDU\� 55u PDWUL[�� � �� ��PVT LV� WKH�VXEPDWUL[� RI� WKH� PDWUL[� � �� ��PVS �� REWDLQHG� E\�HOLPLQDWLQJ� WKH� H[WUHPH� ULJKW� FROXPQ� DQG� WKH�ORZHVW�URZ�/HW� ^ 4̀LLI � EH�D�VHW�RI� IDXOWV�ZLWK�SUREDELOLWLHV�

� � LL VI  3U ��7KHQ� WKH� VWDWLVWLFDO� FKDUDFWHULVWLFV�RI�WKH�ZKROH�VHW�FDQ�EH�REWDLQHG�DV�IROORZV�� � � � ¦¦     4
L LL

4
L LL NVNN)VN) �� � �� ����

ZKHUH� � �N) DQG� LN DUH� WKH� GLVWULEXWLRQ�IXQFWLRQ� DQG� WKH� DYHUDJH�YDOXH� RI� WKH� ODWHQF\� IRU�WKH�L�WK�IDXOW�8VLQJ�WKH�VDPH�PHWKRG��D�ODWHQF\�FXUYH�FDQ�EH�REWDLQHG� IRU� HDFK� RI� WKH� ³VWXFN´� IDXOWV�� 7KH�DYHUDJH� ODWHQF\� FXUYH� IRU� VLQJOH� VWXFN� IDXOWV��FDOFXODWHG�E\�HTXDWLRQ������IRU�WKH�DERYH�H[DPSOH��LV�JLYHQ�LQ�)LJ����

)LJXUH����$YHUDJH�IDXOW�ODWHQF\�FXUYH�IRU�WKH�)60�GHILQHG�E\�7DEOH���
&RQFHUQLQJ�WKH�UHVXOWV��WKH�IROORZLQJ�FRPPHQWV�FDQ�EH�PDGH�

x 7KH� SUREDELOLW\�� WKDW� WKH� IDXOW� ZLOO� QRW� EH�GHWHFWHG� GXULQJ� D� FRQVLGHUDEOH� QXPEHU� RI� VWHSV��WHQGV�WR����:H�WKHUHIRUH�EHOLHYH�WKDW�WKH�SURSRVHG�SUREDELOLVWLF� DQDO\VLV� FOHDUO\� LGHQWLILHV� WKH� 76&�SURSHUW\� RI� WKH� GLVFXVVHG� )60� �DW� OHDVW� ZLWK�UHVSHFW� WR� WKH� FRQVLGHUHG� IDXOWV�� DV� LOOXVWUDWHG� LQ�)LJ����x :H�QRWH�WKDW�D�ODUJH�GLIIHUHQFH�FDQ�EH�REVHUYHG�EHWZHHQ� WKH� WZR� FXUYHV� VKRZQ� LQ� )LJV� �� DQG� ���7KLV� GLIIHUHQFH� FDQ� EH� H[SODLQHG� E\� WKH� IDFW� WKDW�YDULDEOH� �[ DSSHDUV�TXLWH�RIWHQ�LQ�7DEOH����6R��WKH�FRUUHVSRQGLQJ�VWDFN�IDXOW�FDQ�PDQLIHVW�LWVHOI�UDWKHU�TXLFNO\�� )DXOWV� UHODWHG� WR� YDULDEOHV� WKDW� UDUHO\�DSSHDU� LQ� WKH� )60� WUDQVLWLRQ� WDEOH� KDYH� ODUJHU�ODWHQF\��VLQFH�LW�LV�PRUH�GLIILFXOW�WR�SURYRNH�WKHP�7KH� DYHUDJH� IDXOW� ODWHQF\� YDOXHV� IRU� VHYHUDO�)60� EHQFKPDUNV� FRPSXWHG� E\� ���� DQG� ���� DUH�
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SUHVHQWHG�LQ�7DEOH������%(1&+0$5.6�5(68/766HYHQ� )60� FRQWUROOHUV� ZHUH� XVHG� DV�EHQFKPDUNV� LQ� RXU� UHVHDUFK�� 7KH� )60V� ZHUH�GHYHORSHG� E\� XQGHUJUDGXDWH� &RPSXWHU�(QJLQHHULQJ� VWXGHQWV� DV� WKHLU� ILQDO� SURMHFWV�� (DFK�)60� GHVFULEHV� IXQFWLRQLQJ� RI� D� VSHFLDO� SXUSRVH�PLFURSURFHVVRU�� :H� XVH� WKH� ;LOLQ[������ VHULHV�DUFKLWHFWXUH� >�@� IRU� FDOFXODWLRQ� RI� RYHUKHDGV� IRU�WKHVH�EHQFKPDUNV�5HVXOWV�IRU�EHQFKPDUNV�DUH�SUHVHQWHG�LQ�7DE�����,Q�WKLV�WDEOH��/�± QXPEHU�RI�LQSXW�OLQHV�

1�± QXPEHU�RI�RXWSXW�OLQHV�+�± QXPEHU�RI�SURGXFW�WHUPV��WUDQVLWLRQV��5�± QXPEHU�RI�VWDWHV�RI�WKH�)60�0�± QXPEHU�RI�SRVVLEOH�FRGHZRUGV��PLFURLQVWUXFWLRQV��6)60 DQG� 6& DUH� FRPSOH[LWLHV� �QXPEHUV� RI�&/%V��RI� WKH� )60� DQG� WKH� 620�FKHFNHU��FRUUHVSRQGLQJO\��&PLQ6 DQG� &PD[6 ± PLQLPDO� DQG�PD[LPDO� 620�FKHFNHU¶V� FRPSOH[LW\� FDOFXODWHG� XVLQJ� IRUPXODH�IURP�6HFWLRQ���:  6&�6)60�����NDY�± DYHUDJH�IDXOW�ODWHQF\�
7DEOH����5HVXOWV�IRU�)60�EHQFKPDUNV�LPSOHPHQWHG�E\�;LOLQ[������VHULHV�DUFKLWHFWXUH

1DPH / 1 5 + 0 6)60 6& &PLQ6 &PD[6 : NDYELJ �� �� �� ��� �� ��� �� �� ��� ��� ���EV �� �� �� ��� �� ��� �� �� �� ��� ���DFGO �� �� �� ��� �� ��� �� �� ��� ��� ���FRZ �� �� �� ��� �� ��� �� �� ��� ��� ���Y�B� �� �� �� ��� �� �� �� �� ��� ��� ���Y�B�� �� �� �� ��� �� ��� �� �� ��� ��� ���Y��B�� �� �� �� ��� �� ��� �� �� ��� ��� ���



2QH� FDQ� VHH� IURP� WKLV� WDEOH� WKDW� WKH� SURSRVHG�DSSURDFK�IRU�GHVLJQ�RI�WRWDOO\�VHOI�FKHFNLQJ�PLFURFRQWUROOHUV�UHVXOWV� LQ�RYHUKHDGV�ZKLFK�LV�QRW�H[FHHG� ���� DQG� WKH� VPDOO� DYHUDJH� ODWHQFLHV� IRU�VLQJOH�VWXFN�DW�IDXOWV����&21&/86,21:H�KDYH�SURSRVHG�KHUHLQ�D�QRYHO�WHFKQLTXH�IRU�WKH� V\QWKHVLV� RI� VHOI�FKHFNLQJ� )3*$�EDVHG�PLFURFRQWUROOHUV�� %\� XWLOL]LQJ� VHYHUDO� LQWULQVLF�IHDWXUHV�RI�WKH�FRUUHVSRQGLQJ�)60V��WKH�SURSRVHG�DUFKLWHFWXUH�DOORZV�LPSOHPHQWDWLRQ�RI�)60V�E\�D�VLQJOH�UDLO� VFKHPH� ZLWKRXW� DQ\� DGGLWLRQDO�HQFRGLQJ� RI� RXWSXW� ZRUGV�� 7KLV� UHVXOWV� LQ�FRQVLGHUDEOH� UHGXFWLRQ� RI� WKH� UHTXLUHG� RYHUKHDG��7KH� 0DUNRYLDQ� DQDO\VLV� ZDV� XVHG� IRU�LQYHVWLJDWLRQ�RI�IDXOW�ODWHQFLHV��7KH�DSSURDFK�ZDV�FRQILUPHG� E\� QXPEHU� RI� )60� EHQFKPDUNV��%HQFKPDUNV� UHVXOWV� LQGLFDWH� WKDW� WKH� SURSRVHG�DSSURDFK� IRU� WKH� GHVLJQ� RI� VHOI�FKHFNLQJ�PLFURFRQWUROOHUV� LV� HIILFLHQW� IURP� WKH� SRLQWV� RI�YLHZ� RI� UHTXLUHG� RYHUKHDGV� DQG� DYHUDJH� IDXOW�ODWHQFLHV�

5()(5(1&(6>�@�� /HYLQ�� 0�� .DUSRYVN\�� 2Q�OLQH� 6HOI�&KHFNLQJ� RI�0LFURSURJUDP� &RQWURO� 8QLWV��� ��WK� ,QWHUQDWLRQDO� 2Q�OLQH� 7HVWLQJ� &RQIHUHQFH�� &DSUL�� ������ &RPSHQGLXP�RI�SDSHUV��SS����������>�@�� /��%XUUHVV� DQG�3��.��/DOD��2Q�OLQH�7HVWDEOH�/RJLF�'HVLJQ� IRU� )3*$� ,PSOHPHQWDWLRQ��� 3URF�� RI� ����,QWHUQDWLRQDO�7HVW�&RQIHUHQFH��SS����������>�@��/HYLQ��9��6LQHOQLNRY��6HOI�FKHFNLQJ�RI�)3*$�EDVHG�&RQWURO� 8QLWV��� 3URFHHGLQJV� RI� �WK� *UHDW� /DNHV�6\PSRVLXP�RQ�9/6,��$QQ�$UERU��0LFKLJDQ��������,(((�SUHVV��SS����������>�@�� ;LOLQ[�� ³7KH� 3URJUDPPDEOH� /RJLF´�� 'DWD� %RRN�������>�@�� *�� +DWFKHO�� (�� 0DFLL�� $�3DUGR� DQG� )�6RPHQ]L��0DUFRYLDQ� $QDO\VLV� RI� /DUJH� )LQLWH� 6WDWH� 0DFKLQHV���,(((� 7UDQVDFWLRQ� RQ� &RPSXWHU�$GGHG� 'HVLJQ� RI�,QWHJUDWHG� &LUFXLWV� DQG� 6\VWHPV�� 9RO����� 1R����� 'HF������>�@�� -��.HPHQ\��-��6QHOO��)LQLWH�0DUNRY�FKDLQV��'� 9DQ�1RVWUDQG�&RPSDQ\� �����


	New Architecture for Sequential Machines with Self-error Detection1
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	Abstract
	The present paper investigates a new technique for on-line checking of FPGA-based sequential devices defined by their finite state machines (FSMs). This technique is based on architecture comprising two portions: a self-checking FSM and a separate totally self-checking (TSC) checker. Each of these portions is implemented as a combination of an Evolution block and an Execution block. Comparison of code vectors transferred between these blocks provides for the totally self-checking property. The proposed technique does not require any encoding of output words and uses a one-rail design, thereby drastically decreasing the required overhead. The paper presents overhead estimations and results for benchmarks for the proposed architecture. The Markovian analysis is used for investigation of fault latencies.
	1.	introduction
	Then we have for the unconditional transition probabilities matrix:
	Denote the probability distribution for internal states by the moment when the fault occurred as:
	Then, the probability that the chain has entered the absorbing state by the k-th step, is:
	Fig. 3 presents latency curve 1-F1(k) for the above example, where the function F1(k) is computed for the particular fault (xl /1), and where for all l.
	Figure 3. Latency curve for the fault xl/1.                      The average latency duration of the fault can be computed as in [6]:
	,         (12)
	where I is unitary matrix,  is the submatrix of the matrix , obtained by eliminating the extreme right column and the lowest row.
	Let  be a set of faults with probabilities . Then the statistical characteristics of the whole set can be obtained as follows:
	, 	(13)
	where  and are the distribution function and the average value of the latency for the i-th fault.
	Using the same method, a latency curve can be obtained for each of the “stuck” faults. The average latency curve for single stuck faults, calculated by equation (13) for the above example, is given in Fig. 4.


	Name
	We have proposed herein a novel technique for the synthesis of self-checking FPGA-based microcontrollers. By utilizing several intrinsic features of the corresponding FSMs, the proposed architecture allows implementation of FSMs by a single-rail scheme without any additional encoding of output words. This results in considerable reduction of the required overhead. The Markovian analysis was used for investigation of fault latencies. The approach was confirmed by number of FSM benchmarks. Benchmarks results indicate that the proposed approach for the design of self-checking microcontrollers is efficient from the points of view of required overheads and average fault latencies.



